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1.  Conductive Interface LaAlO3/SrTiO3 
•  Mobile charge from polar discontinuity 
 
  
2.  Magnetization of the LaAlO3/SrTiO3 single-layered interface 
•  Torque magnetometry 
 
•  Spontaneous magnetic moment  
•  Critical thickness of magnetic ordering 
•  Thickness dependence of magnetic ordering temperature 
•  What happens with γ-Al2O3/SrTiO3 






LaAlO3   film 
SrTiO3  substrate 
Reyren et al. Science 2008 
Seminal	  Papers	  by	  Hwang	  
Nature	  2002	  	  	  	  	  LaTiO3/SrTiO3	  
Nature	  2004	  	  	  	  	  LaAlO3/SrTiO3	  
Nakagawa, Hwang, Muller    Nature Materials (2006) 
½ - electron  per  unit cell  







Thiel et al.     Science (2006) 
LAO thickness LAO thickness 
Critical thickness for the conductivity 
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Sheet conductivity Hall carrier density 
Sample grown at high Oxygen pressure ~ 10-4 torr 
Conductivity really comes from the interface! 
Electrons In Ti3+ orbitals 
For dxy,   magnetic moment ~ µB / e 
Holes on the surface, at O sites?  
Magnetic moment in the ground state?  
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LaAlO3/SrTiO3     
x 
y 
Strong correlation à magnetism? 
Magnetization density 
at TiO2 interface plane 
 







Pentcheva, Pickett  PRB (2006) 
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2D magnetism from non-magnetic-materials 
 
Challenge I : how to measure the magnetic moment 
of a single atom layer? 
10	  
Challenge I : how to measure the magnetic moment 






Torque on moment:    τ = m × B 
Torque on moment:    τ = m × B 
Deflection of cantilever:   τ = k φ 
Meff = τ / µ0HVsin(θ)  
Torque magnetometry 
12	  
Torque on moment:    τ = m × B 
Deflection of cantilever  à torque τ  














1. Magnetic moment   Δm ~ 10-13 A.m2 at 10 T 
( SQUID MPMS, Δm ~ 10-9  A.m2 ) 
2. Works  up to 45 Tesla,  at 20 m K ~ 300 K 




18 mK – 40 K 
Magnetic field up to 8 T 
NHMFL Hybrid 
Magnetic field up to 45T 
torque ~ M X H 
H 





M   proportional to  H 
torque   =  M X H  ~ H 2 







Challenge II : how to make sure the signal really 






Ag Back Gate 
5 u.c. LaAlO3 on SrTiO3 




Ag Back Gate 
Control experiments on LaAlO3/SrTiO3 interface 
19	  










Ag Back Gate 
5 u.c. LaAlO3 on SrTiO3 




Ag Back Gate 
Tiny background signal from the cantilever 
21	  
Li et al,   Nature Physics 2011 
Small background signal of STO substrate 
22	  
Li et al,   Nature Physics 2011 
Small torque signal of sample without LaAlO3 
23	  
Li et al,   Nature Physics 2011 
Large torque signal of sample with LaAlO3 
24	  
Li et al,   Nature Physics 2011 
Low field slope change in torque 
à Spontaneous magnetization 
5 u.c. LAO/STO  
T = 300 mK 
25	  Li et al,   Nature Physics 2011 
0.3 – 0.4 µB / u.c. 
Electrons In Ti3+ orbitals 
For dxy,   magnetic moment ~ µB / e 
Holes on the surface, at O sites?  
Origin of the magnetization?  
½ -electron per unit cell  
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Critical thickness of magnetism 
27	  
See also, Moler, 2012 
Magnetization signal   
 NO big change up to 40 K 
28	  
Li et al,   Nature Physics 2011 
 Anisotropy	  strongly	  
suppressed	  by	  	  Hperp	  
 NOT	  from	  the	  
disorder	  of	  the	  
LAO	  ﬁlm	  
29	  
Li et al,   Nature Physics 2011 
Other interface 
LaAlO3 film on LaAlO3 substrate is non-magnetic 
Coexistence of superconducting state and  
magnetic ordering 
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Superconducting Tc ~ 120 mK  
31	  
Coexistence of superconducting state and  
magnetic ordering 
Li et al,   Nature Physics 2011 
 
•  Scanning SQUID microscopy  ( Moller et al. ) 
        
 
 
•  Hysteretic Magnetoresistance ( Dikin et al.) 
•  Anomalous Hall effect (Ilani  2012 ) 
… 
Other Evidence for Magnetism 
32	  
33	  
Possibility 1  
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Possibility 2  
 
•  Itinerate Magnetism ( Balents et al. ) 
        
 
 





•  Detection of in-plane magnetic moment of single atom layer interface 
•  Coexistence of superconductivity and magnetism 
Conclusion 
Two-dimensional magnetic system at LaAlO3/SrTiO3 
36	  
